show nicks in the wing margins as well as other' malformations in different regions of the body. Clonal analysis of the wing disk's development in these mutants indicates that massive cell loss occurs during the third larval instar. Morphogenetic mosaics, originating from mitotic recombination, reveal a non-autonomous behaviour of both mutant and wild-type cells. X-rays applied during the third larval instar produce phenocopies of these mutants. A clonM and a genetic analysis of these phenocopies has been carried out.
The wing scalloping mutants of Drosophila are among those morphogenetic mutants which change the adult cuticular pattern, apparently by removing regions of the adult integument. They regularly show a pleiotropic effect upon the wing and tergite margins, the legs and the eye facets (see Lindsley and Grell, 1968) . Several of them, corresponding to different loci, remove wing marginM structures, in different places and to a variable extent. Two main interpretations have been put forward to explain these developmentM abnormalities. Goldschmidt (1935b) has suggested that the missing material in the adult wing results from the obliteration of groups of marginal wing cells after pupation. This hypothesis found some support in the histological observations of Auerbach (1936) . Waddington (1940) proposed, from topological considerations, that the scalloping effect results from an abnormM folding during the eversion of the wing disk without cell death, which prevents the formation of the margir~ of the adult wing. More recently Fristrom (1969) and Spreij (1971) have reopened the question by their observations of interstitiM cell death at different stages of development, in the wing disk of scalloping mutants. However, the spatial relationships of the observed cell death with the cuts in the adult wing margin are still unclear. For one thing, it remains unexplained how cell lethality in either the dorsal or the ventral surface of the wing, which are two clonally separated cell populations (Garcia-Bellido and Merriam, 1971; Garcia-Bellido et al., 1973) manifests itself in gaps, symmetrical in extent and position, in both wing surfaces. * Present address: Centre de Ggn6tique moldculMre, C.N.R.S., 91190 -Gif-sur-u -France.
Results

I. Description o] the Scalloping Mutants
The ct 6 phenotype in the wing consists of a scalloping of the wing margin preferentially in regions B, C, and D and scarce differentiation of chaetal elements in both anterior and posterior wing margins. The venation pattern in the wing is more or less normal (Fig. i a) . Chaetal elements sometimes appear in the actual wing margin far away from the virtual margin and may accumulate at the borders of gaps (see a similar phenotype in Bx J, Fig. 1 b) .
The apparent reduction of the wing surface due to the cuts correlates with a reduction in the number of adult cells relative to that of control wings. In Table 1 , the wing length and width is compared with area and triehome density in mutant and in wildtype sisters of the same sibship and age. In ct 6 trichome density in the regions adjacent to the gap is normal. Thus, the product of triehome density measured in a standard region in the wing (Dobzhansky, 1929) multiplied by the total wing area provides an estimate of the total number of adult cells relative to the wildtype. This corresponds in et 6 to 0.84 of the ct § values, i.e. to a reduction of 16% in the Bx J (Pointedoid in the old literature) shows abnormalities in the legs and halteres, as well as in the wing. In the wing, cuts appear in regions A, D and E, parallel to the longitudinal axis of the wing, and the longitudinal veins spread in narrower angles than in normal wings ( Fig. 1 b and c) . As in ct 6, trichome density near the scalloped regions is normal in Bx J flies. A comparative analysis of these wings with those of controls of the same sibship and age shows that heterozygous Bx J wings have 45To fewer cells than wildtypc controls and homozygous Bx J wings 41% fewer than heterozygous ones (Table 1) .
In what follows, we will try to study the scalloping phenomenon at the cellular level with a clonal analysis of the wing disk development. This will be carried out in two ways, by studying : 1 ~ the cell lineage parameters of the mutant wing disks, and 2 ~ the clonal behaviour of mutant and wildtype cells in morphogenetic mosaics.
II. Cell Lineage Analysis
We have seen that the adult wings of both scalloping mutants considered have fewer cells than the wings of control flies of the same sibship and age. We want to know whether this reduction is due to cell loss during development. We will first analyse the shape and size of clones of cell marker mutants in the mutant wings. Cell lineage analysis was carried out in all cases using the mutants mwh and jr, in a similar way to that used to study the developmental parameters of the normal wing (Garcia-Bellido and ~erriam, 1971) . The cell lineage analysis of the et 6 wing was carried out in ct 6 males (genetic constitution y Hw ct 6/36a; mwh jv/-/-). As controls we used ct+ ; mwh jv/-/-males and y ttw ct 6/36a/_~; mwh jv/ § females of the same cross. Qualitatively, two kinds of data of this analysis are relevant: 1 ~ the shape of large mwh clones in the ct wings is similar to those in normal wings, except in the cut regions. 2 ~ clones never crossed the dorsoventral demarcation line along the wing margin, indicating that the development of the mutant wing keeps the same developmental restrictions as the normal wing . A similar analysis carried out in y Itw/36a BxJ/~_; mwh jv/~-flies yielded the same results.
The frequency and size of the mwh clones initiated at different developmental stages in et 6 individuals do not differ from control wings. This result is not altogether surprising since the expected decrease in clone size has to account for oMy a 16 % reduction in the total number of cells. Since in BJ flies the final wing reduction is 45 %, we expected this condition to be detectable in clones. We analysed frequencies and sizes of mwh clones initiated at different stages of development in y Hw BxJ//'36a; mwhjv/-t-females (Fig. 2) . As controls, we used y/36a/~-; mwh jr~#-females. In the last 45 hrs of larval development, the average mwh clone sizes are similar in the Bx J and in the control wing but clone frequencies are lower in Bx J than in controls. In earlier stages of development, whereas clone frequencies are similar, the resulting clones are, on the average, of sinaller size. We interpret these results as indicating that the number of target cells for mitotic recombination is similar in both kinds of wings in early stages of development but the large mwh clones are subsequently affected by "cell loss" and reduced in size. •
of flies irradiated within 45 hrs before pupariation are presented in Table 2 . Since ratios are independent of actual clone size, values of clones initiated within this time interval are pooled. In the ~ clones only trichomes were counted--although they might embrace eha.etae--and so their sizes are underestimated relative to I clones. As seen in this table, wildtype males and females and heterozygous cte/~ -females show M/I ratios greater than unity, in all wing regions. This is an indication of more intense cell proliferation in the wing margins in wildtype flies. This ratio is however significantly reduced in the mutant wings, ct 6 and Bx J, suggesting a subnormal growth or cell loss in the marginal regions.
More enlightening results about the scalloping phenomenon were obtained from the clonal analyses of morphogenetie mosaics. females. We used y and ]3e~ to identify the recombinational events which changed the genetic constitution with respect to the morphogenetic mutant. Again mwh and iv recombinant clones were used as internal controls, in the same experiments.
III. Morphogenetic Mosaicism
The comparison of clone sizes and qualitative differentiation between the y [s6a clones and the mwh iv clones will give us clues as to the viability and autonomy in differentiation of cells of the different mutants.
In the quantitative analysis the comparison of mutant and control clones has been expressed as a ratio of the sizes of [~6a to mwh clones in the same wing regions, in sets of wings of the same age (Table 3) . Data of clones initiated at different stages of development are pooled. The data of marginal clones and internal clones were separated in order to detect a possible marginal effect. In Experiment I, the y and In internal clones, the size of/3Ca clones are in all the experiments similar to that of mwh internal clones (ratio close to 1, Table 3 ). These results taken as a whole indicate that the mutant constitution, either ct 6 of Bx J, does not express itself autonomously in loss of internal cells. This conclusion is manifest in the Bx J experiments where the expected average clone size reduction is 45 % (compare sizes of clones in Fig. 2) . The higher size ratios in the Bx J (Exp. II), where/s6a clones are genetically Bx +/Bx +, suggests that this genetic constitution leads to an increase in cell viability relative to mwh heterozygous Bx J cells.
A similar analysis in the marginal clones reveals a cellular behaviour more in accordance with "the cellular genetic constitution. In the Bz a experiments the viability of homozygous Bx J (y [sea in Exp. III) cells is lower (significant to the 90 % confidence level) than that of heterozygous (mwh) background cells, whereas the viability of the Bx + ([a6a in Exp. II) cells is significantly (to the 98 % confidence level) higher (Table 3 ). The increased clone sizes indicate an autonomy in the expression of the Bx + character upon cell viability. These effects do not exist or could not be detected in the analysis of ct e clones.
The preceding quantitative analysis of morphogenetic mosaics has shown a peculiar non-autonomous behaviour of the mutant recombinant clones. The following qualitative analysis of these clones in the wing margin will give a dearer insight into the problem of cell autonomy. The normal wing margin has a characteristic ehaetal pattern with elements in the upper and lower wing surfaces, called the triple row in the anterior margin and the double row in the posterior one (see Fig. 3a ). In the ct 6 experiment, where y and /Sea mark the homozygous ct e recombinant cells growing in a heterozygous background, we found y ]sea triehomes TR DR 9 9 9 OOOO +/+, o 9 o~176176 9 9 o0oooooolo0ooooooooogoooogooooo0o= a 9 9 9 9 9 9 9 9 9 9 9 9 9 oOOOOOOO000OoOOeOOOOOOoO000OO00000 cte/ct e , 9149 9 9 9 9 9 o,-----~o~ It is interesting to note in this experiment that the appearance of large y ct 6 ]36a clones in internal or even submarginal regions of the wing is not accompanied by marginal gaps distal to them. Out of 127 cases of clones which touch the margin in either upper or lower surfaces of the wing, we found 12 gaps in the anterior margin and 15 gaps in the posterior one. Gaps were more frequent in larger clones and could remove all the ehaetae or, more frequently, some of them (Fig. 3d) . Of 16 gynanders with male y Hw ct ~/86a/female boundaries along the wing margin, 6 (2 in the anterior border, 4 in the posterior) also showed gaps. Gaps were always expressed in gynanders with male cells at both surfaces of the same margin. This behaviour of homozygous ct 6 cells in mosaics shows an autonomous tendency towards cell loss, which is only suppressed when the mutant clones become smaller. Mosaics in the margin arc of two kinds: either there is no gap, i.e., non-autonomy of ct 6 (Figs. 1 e and 3 c), or a gap affects chaetal elements of both surfaces of the wing margins (Fig. 3d ). There are no cases of gaps affecting one wing surface only. Since clones are restricted to one wing surface, the existence of gaps affecting the opposite surface indicates a non-autonomy of the heterozygous cells in contact with the mutant cell territories. This epigenetie effect is independ-ent of the wing surface in which the mutant clone appeared, and occurs in the anterior as well as in the posterior margin. A similar cell behaviour was observed in the chaetal pattern of the wing margin in the Bx z experiments. In Experiment II, not all the ]36a clones (Bx +)that touch the margin differentiated chaetal elements, but a large proportion, 76 out of 90, of those in the anterior wing did. Forty ]s6a clones appearing in the dorsal wing surface reconstituted not only the ehaetal pattern of their own surface but also that of the opposed surface (see Fig. 1 f) . Thirty-six ventral clones behaved in an identical way. The genetic constitution of the elements building this pattern could be either Bx + homozygous (]36a in Exp. II), heterozygous (non-marked) BxJ/ Bx +, or even homozygous Bx J cells (y in Exp. II). The latter appeared in twin spots with the/sea chaetes on the same wing surface only (Fig. 3f) . These results indicate that the existence of patches of wildtype cells allows the surrounding cells (irrespective of their genotype and even those on the opposite surface) to differentiate into a normal chaetal pattern.
The posterior wing margin in heterozygous Bx J wings is more protracted from the virtual normal margin than is the anterior margin (Fig. 1) . In two early/.36~ clones (48 hrs after egg laying') in Experiment II, one appearing in the dorsal the other in the ventral wing surface, the double row pattern of the posterior margin in their own as well as that of the opposite surface, was restituted.
I V. Phenocopies o] Scalloping Mutants
In the adult wings of irradiated y Hw ct 6/36a/~_ larvae, marginal gaps appear which are not associated with y [36a clones. Since they are not correlated with internal clones either (see below), they may correspond to ct phenocopies known to appear in wildtype flies following irradiation (Waddington, 1942; Gareia-Bellido and Merriam, 1971) . We compared the effects of 1,000 r. X-rays applied at different times of larval development in y Hw ct~/86a/+; mwh/ 4-and y ]36a/+; mwh/ + controls upon the frequency, size and location of marginal gaps in their adult wings. Irradiation gaps are similar to gaps of the scalloping mutants in that 1) triehome density in regions adjacent to gaps is normal; 2) gaps are symmetrical in size and location on both wing surfaces ; 3) gaps may appear in any wing region, although they are more frequent in regions B, C, D and E (see Fig. 1 d) . Quantitative data are presented in Table 4 .
Irradiation gaps are more frequent in ct 6 heterozygous flies than in controls but the distribution of frequencies with age is similar in both with a maximum at 16-40 hrs before pupation. The variation in gap length is smallthroughout development and does not correlate quantitatively with the variations in frequency. Neither the frequency nor the size of the gaps is correlated with the variation in frequency or size of mwh clones (see Fig. 2 ). Furthermore, there is no correlation between left and right wings of the same individual in the appearance of gaps. Moreover, the probability of independent events leading to scattered cell loss in the same numbers and the same place in both wing surfaces (gap symmetry) is extremely low, and we have shown that gaps in ct 6 do not result from the sliding or pushing of cells centripetally from the margin. Thus, irradiation gaps can hardly originate from induced cell-lethal factors with a clonal manifestation later during metamorphosis. Irradiation gaps probably arise by generalized damage on Table 4 . The sensitivity of ctS/ct + wing cells, relative to wildtype, indicates that X-rays have a synergistic effect on the ct mutation. Thus X-rays possibly affect the same morphogenetic mechanisms affected by the mutant condition itself.
Discussion
The adult wings of the scalloping mutants contain fewer cells than those of wildtype individuals. The assumption that scalloping is causally related with some kind of cell loss (cease of cell proliferation or death of already existing cells) during development (Goldschmidt, 1935b; Auerbach, 1936) is confirmed in the elonal analyses. The cell lineage analysis of the mutant disks (Bx J) has shown that clones initiated early occur in a normal frequency, which indicates a normal number of target cells, but that they show a reduction in their sizes relative to control disks. This reduction is probably due to subsequent cell death because the frequency of clones initiated later is lower than in control individuals. Since the size of small clones is more or less normal, the reduction in size of large clones could be explained assuming that cell mortMity affects groups of cells simultaneously.
The change of clone frequency and size, relative to control wing disks, sets in at about 48 hrs before PF. This is about the age when necrotic cells and cellular debris begin to be visible histologically in these mutant disks (Fristrom, 1969; Sprei], 1971) . These authors pointed out that such necrotic cells appear in certain regions of the wing disk, possibly corresponding to the prospective wing margins. However, cell lethality might not be restricted to presumptive wing marginal regions only. Clonal analysis in Bx J heterozygous flies has shown that recombinant wildtype clones are on the average larger, and Bx J homozygous clones smaller, than control mwh (BxJ/-t-) clones in marginal, and possibly internal wing regions.
Analysis of morphogenetic mosaics of ct 6 and BS has shown that mutant and wildtype recombinant cells behave in a largely non-autonomous way with respect to cell loss. This behaviour is more clearly manifested in the differentiation of chaetal elements in the wing margins. There, irrespective to their actual genotype, homozygous mutant, heterozygous or wildtype recombinant cells do or do not differentiate into ehaetae, largely depending on the genotype of the surrounding cells. Thus, the cell-lethal characteristics of the scalloping mutants studied might be expressed in an abnormal behaviour of cells in groups : by affecting the cellular properties which are required to maintain cellular communities. The failure of these properties might lead to cell loss. The following arguments are relevant to ascertain the validity of this hypothesis.
The wing sealIoping mutants have a pleiotropie effect on several organs. Mutants of the loci et, Bx, W, Ly, Bd, N, etc. (see Lindsley and GrelI, 1968 ) have a common syndrome of nicked wings, abnormal tergite borders and nicked or rough eyes in their equatorial zone. Of the two mutants studied here, ct 6 represents the hypomorphie condition of the gene ct, which is lethal in more extreme alleles (see Lindsley and Grell, 1968) . However, all the alleles of this locus as well as its deficiency are recessive in heterozygous flies. Bx J is one of several known alleles of the Bx locus. All are dominant in one or two doses in triploids and do not exhibit dosage compensation (see Green, 1953) . Thus, BS is possibly a neomorphie mutation which can be considered to cause the accumulation of unwanted produets. It is conceivable that the complex membrane properties required for normal cell adhesivity can be damaged in several ways by mutant forms of genes with different primary functions.
Phenoeopies of scalloping mutants have been obtained with several kinds of agents : temperature shocks (Goldsehmidt, 1929 and 1935 a; I-ienke et al., 194l ; etc.) , ionizing radiations (Friesen, 1936; Waddington, 1942; Garcia-Bellido and Merriam, 1971 ; Spreij, 1971) and chemicals (Rizki, 1968) . They all have a common effective phase for wing scalloping, in the middle and second half of the third larval instar. Spreij (1971) found that N-irradiation leads, by a process similar to that in the scalloping mutants, to cell death in the wing anlage. In the ease of the X-ray phenocopies studied in the present paper we have found that the phenoeopy syndrome in the wing cannot be explained as due to cell lethality in clone derivatives. Morata and Garcia-Bellido (1973) studied the effects of different doses of X-rays on aggregates of imaginal disk cells and found that low X-rays doses (1-4 kr.), which do not markedly affect cell viability, are very effective in preventing reaggregation of dissociated cells. These authors have shown that this effect of X-rays on dissociated cells can be reversed in aggregates of mixed irradiated and non-irradiated cells, a phenomenon that recalls the non-autonomous behaviour of the recombinant cells of our mutants. Possibly the effects of X-rays on the growing wing anlage and on dissociated cells are similar, primarily damaging the adhesive and cohesive properties of the eell membranes. This conclusion is again in line with the observation that cte/-/-~4ngs are more sensitive to X-rays than wildtype wings (Table 4) .
We have to explain why this abnormal cellular behaviour caused by mutations and by X-rays manifests itself in these mutants only late in development and leads to a specific pattern of scalloping. We have to assume that gene insufficiency and X-ray damaging effects occur throughout development. However, cell loss will be compensated for by extra cell proliferation early in development but not later. Schweizer (1972) has shown this to be the ease in the male genital disk following X-ray irradiation. In later stages intercellular connections which make their appearance in third instar and prepnpaI stages (Wehman, 1969; Poodry and Sehneiderman, 1970) may play a role in preventing cell death or at least massive cell degeneration from occurring. In fact, the same doses of X-rays applied in these stages lead to abnormalities detectable only in single cells (Waddington, 1940; Garcia-Bellido and Merriam, 1971) .
As to the question of why insufficient cell adhesivity manifests itself only in the wing margins, we have to remember that although cell loss might take place over the entire wing anlage, these cell properties may play a substantial role especially in the marginal regions, The wing margins as well as the tergite borders and the dorsoventral separation line of the eye, would represent "critical regions" in the expression of this general cell insufficiency. It is interesting to note that these marginal regions correspond to demarcation lines between clonally independent developmental systems (Becket, 1957; Garcia-Bellido et al., 1973) . It is possible that along these contact lines specific cell adhesion properties are required. Normal cell contact also seems to be a requisite for the formation of a typical chaetal pattern in the wing margin. We have seen in morphogenetie mosaics how the presence of wildtype cells on one side of the wing margin allows mutant cells of the other surface to differentiate their typical ehaetal pattern. However, the contrary situation also occurs, and wildtype cells may fail to form ehaetal elements opposite to mutant cells located on the other surface. This reciprocal behaviour suggests that a mutual dorso-ventral signal is required for the formation of a normal ehaetal pattern along the wing margin. Other processes of cellular interaction seem to be required, besides normal cell contact, for the appearance of marginal ehaetes. The accumulation of ehaetal elements in the proximities of gaps, sometimes arranged in extra rows (see Fig. 3f ), also suggests that some inductive mechanism is involved in the differentiation of epidermal cells into ehaetal elements in the pattern of the wing margin.
